It has been known for some time that patients with renal failure are unable to adequately handle a glucose load (1, 2) . The mechanism of this carbohydrate intolerance is far from clear, and speculations as to its etiology have been made by various authors (3, 4) . No uniform hypothesis is accepted; indeed, two articles appearing in the same issue of a journal arrived at totally different conclusions (5, 6) .
With the advent of periodic hemodialysis, patients with chronic renal failure can be maintained in relatively good health over long periods of time (7) , and the clinical syndrome of uremia can be evaluated under controlled conditions. If the abnormality of carbohydrate metabolism is truly a result of renal failure and not solely associated with nonspecific factors such as starvation, stress, or latent diabetes mellitus, an experiment controlling such variables might shed light on the metabolic defect or defects involved. Also the opportunity arises to study the effect of hemodialysis itself on carbohydrate metabolism. If glucose tolerance can be completely normalized by dialysis, this would be useful as an added parameter for determining the adequacy of long term dialysis in the individual patient.
Methods
The patients studied were those with chronic renal failure chosen from the renal service of the Peter Bent Brigham Hospital who would require hemodialysis for treatment within a few weeks. All had an abnormal intravenous glucose tolerance test (ivGTT) before hemodialysis (K less than 1.0) (8) . Four of the five patients selected had no family history of diabetes, and all patients were reasonably certain of the medical histories of their parents and at least three of their grandparents. The maternal grandmother of Patient 4 had maturityonset diabetes, being treated with diet and an oral hypoglycemic agent.
The patients were hospitalized on the Clinical Research Center of the Peter Bent Brigham Hospital for 6 or more days before testing, during which time daily dietary assessments were obtained on four of the five. In the fifth, the diet was estimated to be very similar to that of the other four patients. The diet consumed was greater than 1,800 calories, including more than 250 g of carbohydrate, and was followed throughout all periods.
Testing of glucose tolerance did not begin until such a diet had been ingested for at least 5 days. Daily blood urea nitrogen, hematocrit, and serum electrolytes (Na, KS, Cl+, and HCO37) were obtained. Other laboratory determinations were performed as indicated. Blood samples for glucose measurement were collected in tubes containing sodium fluoride and potassium oxalate, and glucose was determined by the method of Somogyi (9) and Nelson (10) . All of the patients were ambulatory and were allowed the freedom of the Clinical Research Center and hospital.
All tests were performed within a 50-hour segment at the end of each hemodialysis period. On day 1 of the segment, after an overnight fast, an ivGTT (0.5 g of glucose per kg body weight injected over a 3-minute period) was performed, and samples of venous blood were collected at 0, 3, 6, 10, 20, 30, (11, 12) . In addition, the concentration of plasma free fatty acids (FFA) (13) was determined on samples drawn at 0, 10, 20, 40, and 60 minutes.
After an additional 5-to 7-hour fast, after the glucose tolerance test, an intravenous tolbutamide test (14) was performed (1 g of sodium tolbutamide given in 1 minute), and venous blood samples were taken at 0, 20, and 30 minutes for glucose measurement.
On day 2, after an overnight fast, an intravenous insulin sensitivity test (15) After this "correction" period, hemodialysis was withheld for approximately 7 days while the diet was held constant. Then the ivGTT, insulin sensitivity test, and the intravenous tolbutamide test were repeated.
Whenever possible, another course of hemodialysis was instituted, and glucose tolerance was re-evaluated.
Two patients (No. 1 and 2) underwent hemodialysis with a high urea concentration in the dialysis bath in order to evaluate the effect of urea on carbohydrate metabolism. The concentration of urea used was determined by the level that the patient manifested during his initial testing. The urea was added to the dialysate at a time when the ivGTT was normal, and the patients underwent from three to six dialyses with urea in an 8-day period. The ivGTT was then repeated.
Four of the five patients investigated were followed according to the above protocol. One patient (No. 5), with poor veins, was evaluated only by the ivGTT. IRI and FFA were not determined with all ivGTT performed; however, these tests were obtained in each patient during at least one "normal" and "abnormal" ivGTT. In addition, four other patients, who had been maintained on biweekly hemodialysis for more than 4 months, were tested with an ivGTT.
The normal controls and the maturity-onset type diabetics were tested as outpatients at the Elliott P. Joslin Research Laboratory. All followed a 300-g carbohydrate diet for 3 days before the test. The diabetic patients were asymptomatic, their glucose intolerance having been documented on multiple occasions. Four of the patients showed a decrease in glucose tolerance in less than 8 days when dialysis was withheld or limited to 1 per week. Patient 5 demonstrated this decrease over a 2-week period when the number of dialyses had been reduced from 4 to 11-per week. Those patients whose glucose tolerance was corrected a second time (Patients 1, 2, 3, and 5) had done so by 14 days with a total of 4 to 12 dialyses. However, the ivGTT was repeated at the end of 1 week in three patients (Patients 1, 2, and 5) during this recorrection period and had not fully been repaired in any patient.
Results
The glucagon test suggested adequate glycogen stores in the four patients in whom it was-performed. In two patients, it was performed during the initial period when the ivGTT was abnormal (Patients 3 and 4), and in one (Patient 2) during the redevelopment of carbohydrate intolerance. In one (Patient 1), it was done at a time when the ivGTT appeared to be normalizing.
The hydrocortisone ivGTT was done in four patients when dialysis was associated with a normal ivGTT and was normal in three. Patient son in Patients 3 and 4 was that performed during the predialysis period (period 1 in Table II ).
Since we did not determine IRI during this period, in Patients 1, 2, and 5, the test used was that done during the redevelopment of the abnormal K value (K less than 1.0) when dialysis was reduced. The insulin response to the normal ivGTT in Patients 1, 4, and 5 was the test with the maximal K value. In Patient 2, the insulin levels of the ivGTT during period 4 (Table II) , when the K was 2.0, were not determined, and the ivGTT of period 7 (K = 1.4) was used. In Patient 3, because of the uncertain liver status and its effect on insulin, the ivGTT of period 5 (K = 1.0) instead of period 4 (K = 1.9) was used in comparing the insulin response. This was felt to be acceptable, as the K value of 1.0 was slightly higher than the initial K of 0.7. In all patients we compared the IRI during the ivGTT with the highest and lowest K value for which we had data. The levels of IRI during the first 10 minutes of the precorrection ivGTT showed a blunted response. There was also a tendency for flattening of the later part of the curve.
Fasting insulin levels were slightly lower in all five patients during the abnormal phase. The total amount of insulin released was approximated by the area under the serum IRI curve extending to 60 minutes and was from 1.1 to 4 times greater in four of the five patients in the normal phase. Patient 4 demonstrated a 1 to 1.5 ratio of insulin when comparing normal to abnormal. However, during the first 10 minutes of the ivGTT, a greater amount of insulin was released in all cases when the test was normal and ranged from 1.6 to 3 times that seen during the abnormal periods. Table III shows the characteristics and serum IRI levels (mean ± standard error of the mean) during ivGTT in the uncorrected and corrected uremic patients. Also shown for comparison are various groups of normal controls. They were selected on the basis of either ideal weight or performance in order to closely approximate the uremic patients. Data are also given for six normal subjects who received ivGTT immediately after a 7-day total fast (17) . The results obtained in nine diabetic subjects are also shown; however, it is to be noted that this group was significantly older and heavier than the uremic patients. Table IV compares the various groups studied.
In comparing the mean serum IRI levels between the corrected and uncorrected uremic patients, the levels in the corrected phase are significantly higher at 0, 3, and 6 minutes. When the data are analyzed as to differences in serum IRI values in each uremic patient before and after correction, significant differences are seen at the 0-, 3-, 6-, 10-, 20-, and 40-minute intervals.
Comparison of the mean serum IRI levels during the abnormal ivGTT showed at least two significantly different levels (i.e., the uremic patients had lower values) when compared to normal controls all less than 95%o of ideal weight, or normal controls with a low normal range of K rates (1.2 to 2.0). Comparison with the diabetic group (Figure 4 ) indicated that the uncorrected uremics had a significantly higher mean serum IRI level at the 3-minute interval although the diabetics were significantly older and heavier. The group with whom mean serum IRI values to ivGTT in the uncorrected uremics showed the least differences was a normal control group fasted 7 days (shown in Figure 4 ). The starved patients had a significantly lower mean serum IRI level at the 60-minute point only.
When the uremics were corrected and exhibited normal K rates, they compared well with the normal group with K rates in. the 1.2 to 2.0 range despite a higher mean per cent ideal weight of this normal group.
The corrected uremic patients had multiple significantly different mean serum IRI levels (higher values) compared to the diabetics, and the 7-day fasted normals and the diabetics and the fasted normal controls also showed multiple differences.
Mean values for FFA determined throughout the ivGTT performed during the uncorrected and corrected periods are shown in Table V . No significant differences were found between the two.
Discussion
From the results of this study, it appears that the glucose intolerance of chronic renal failure is related to the renal failure per se and is not a secondary feature of low calorie intake. This conclusion is based on calorie counting before and during the period of study and on the response to glucagon stimulation (18) . In addition, it has long been recognized that patients with renal failure do not demonstrate fasting hypoglycemia as would be expected with starvation and, indeed, have been noted to manifest fasting hyperglycemia 10 (19) . Since the patients who were included in this study did not have significant nausea or vomiting, it was possible to accurately assess their intake and ensure that all had adequate total calories" in addition to sufficient carbohydrate. For these patients with a relatively low level of physical activity, the diets ingested should have been adequate for their caloric needs (20) . These uremic patients required only an abnormal ivGTT while maintaining adequate diet, and chronic renal failure of a degree that necessitated dialysis, to be selected for this study. The first consecutive five patients encountered were selected because in each the ivGTT was abnormal and their caloric intake was acceptable. This suggests that the carbohydrate abnormality in chronic renal failure is common and may be present in the majority of severely uremic patients even while they maintain adequate food intake. This study also suggests that the abnormal glucose tolerance associated with chronic renal failure can not only be corrected but maintained with adequate hemodialysis. It has been shown previously that the glucose tolerance test will improve by dialysis in patients with acute renal failure (21) , but it has not been conclusively demonstrated that it can be maintained normal in the patient with chronic renal disease undergoing long term dialysis.
Four other patients (Table VI) maintained with chronic hemodialysis and tested by ivGTT all had normal K values. This indicates that an abnormal ivGTT in a patient being treated with intermittent hemodialysis may be indicative of inadequate dialysis, or if seen during intensive dialysis that diabetes mellitus should be considered. The blood urea nitrogen and other chemical parameters are often misleading when judging the dialysis requirement, and another parameter (such as the ivGTT) would be useful in assessing the adequacy of treatment.
Increasing the frequency of dialysis within the first 7 to 8 days did not shorten the time needed for correction of the ivGTT. Regardless of whether 3 or 5 dialyses per week were instituted, the ivGTT remained abnormal at the end of the first week. All patients demonstrated a normal K value when tested at about 2 weeks. This pattern was the case regardless of whether we were correcting the abnormality for the first time or recorrecting. In some of the patients who were corrected twice (Patients 1, 2, and 3) , the total number of hours of dialysis necessary for correction during a 2-week period was less than that found to be without significant effect in a 1-week period on another occasion. However, glucose intolerance would appear within 8 days if dialysis was withheld. This suggests that dialysis might be removing a toxic substance (or substances) that inhibits glucose utilization. Furthermore, this material may not necessarily be poorly dialyzable as has been suggested (6) . Indeed, the material itself may cross the dialysis membrane rapidly, but the affected tissue may require a recovery time for restoration of normal glucose metabolism. If this is the case, one would not expect to shorten the recovery time beyond roughly defined limits (perhaps through new protein synthesis) regardless of how intensive a course of hemodialysis is instituted.
Perkoff and colleagues (3) have suggested that urea may be playing an important role in glucose tolerance by interfering directly with carbohydrate metabolism. It is known that high concentrations of urea can affect enzyme systems in vitro (22, 23) , and Perkoff and co-workers were able to show a decrease in the glucose tolerance of normal patients given a urea load. However, our data suggest that urea was not a major factor, as the two patients with normal K values (Patients 1 and 2) who underwent dialysis for a 7-day period against a urea dialysate concentration identical to that present when the ivGTT was abnormal did not develop an abnormal ivGTT. In these same patients, withholding dialysis for 7 days produced an abnormal ivGTT. This is strong evidence that urea alone cannot be incriminated.
It has been suggested by Westervelt and Schreiner that the intravenous tolbutamide test can be used to distinguish between diabetes mellitus and the carbohydrate intolerance of uremia (6) . These investigators found that seven uremic patients with abnormal glucose tolerance had a normal blood sugar response 30 minutes after tolbutamide injection, and several of their patients also had adequate lowering of blood sugar at the 20-minute interval.
These results, coupled with a decreased sensitivity to exogenous insulin, led the authors to speculate that in uremia there may be an abnormal plasma insulinase system (formed in the liver) that inactivates insulin in its passage through the liver. This was felt to account for the impaired peripheral glucose utilization without altering hepatic glycogenesis. Our results with intravenous tolbutamide are in contrast to those of Schreiner. This test, in our hands, demonstrated a clear (p < 0.001) difference between the uremic and corrected (posthemodialysis) state and was clearly abnormal in all uncorrected patients and paralleled glucose tolerance.
The insulin sensitivity test improved after correction of the ivGTT and is in keeping with the mild insulin resistance of nondiabetic uremic patients reported previously (3, 5) . On several occasions, patients with an abnormal ivGTT demonstrated a fall in the fasting blood sugar, after insulin, greater than 50%o. Although this has been accepted as a normal response (15) , comparative values after correction of the ivGTT demonstrated an even greater insulin sensitivity.
The steroid-primed ivGTT, which will be abnormal in a great proportion of latent diabetics (16) , was normal in three of the four patients tested. In the one patient with a family history of diabetes, the test was abnormal, and one might speculate as to whether this patient's carbohydrate abnormality was in part a manifestation of underlying diabetes mellitus. All other tests performed on this patient were similar to those found in the others. However, it is of considerable interest that the serum IRI response to ivGTT when corrected and uncorrected was the lowest in the series.
There exists other evidence that the type of carbohydrate derangement present with uremia is different from that seen in diabetes mellitus. Cohen (5) Severe acidosis has been shown to affect glucose tolerance in dogs (29) , and recent work suggests a close relationship between serum and total body potassium and glucose intolerance (30) . Although we did not measure blood pH or Pco2 in our patients, neither of these factors would appear to be decisively important in our study, as neither the HCO3-[which in patients undergoing dialysis is a reflection of blood pH (31)] nor serum potassium was markedly deranged during any of the periods in this study (Table II) .
The kidney is known to take an active part in carbohydrate metabolism (32) and may have a place in regulating blood glucose (33) . However, it is difficult to assign to it a direct metabolic role in the present situation. The fact that we can correct the carbohydrate abnormality with dialysis, coupled with the demonstration that anephric man (Patient 3) responded in the same manner as the other patients, would argue against the carbohydrate intolerance stemming from a biochemical defect involving primarily renal tissue.
The explanation that seems best to fit the data is one implicating a decreased pancreatic insulin reserve or release, suggested by the measurements of serum IRI during ivGTT. As noted, the initial serum IRI response was very similar to the diminished response seen with starvation in normal subjects and associated with abnormal ivGTT. In addition, the clear abnormality in the intravenous tolbutamide test would also indicate an impaired insulin release after tolbutamide. These data, including the insensitivity to exogenous insulin, could be explained on the basis of a diminished insulin response to glucose and tolbutamide with a decreased peripheral sensitivity to insulin.
The recovery period suggested by'the pattern of response to dialysis to be necessary for restoration of normal carbohydrate handling could represent the time necessary for affected enzyme systems to recover, perhaps through new protein synthesis. One might speculate that material with a relatively low molecular weight is indirectly responsible for the metabolic defect. The substance may accumulate to significant levels and affect enzyme systems over a relatively short time, but could be rapidly dialyzed. This is suggested by the rapidity with which the glucose abnormality recurs when dialysis is limited, correction of the defect with comparatively few total hours of dialysis, and the exclusion characteristics of the dialysis membrane. The cellophane employed has an effective pore size that excludes most molecules with a molecular weight greater than 4,000 (34) , and this defines the maximal size of any such material.
Summary
In an attempt to better define the carbohydrate intolerance of uremia, we investigated five patients with abnormal glucose tolerance and chronic renal failure severe enough to require hemodialysis.
After we were assured that calorie intake was adequate, the patients were studied with tests of carbohydrate tolerance. In addition, serum immunoreactive insulin (IRI) and free fatty acids were determined in response to intravenous glucose (ivGTT). The patients then underwent frequent hemodialysis, after which they were reevaluated. The frequency of dialysis was subsequently varied in order to determine its effect on glucose metabolism.
Our data indicate the following: 1) There is a defect in carbohydrate metabolism present in ure-mia that is not related to secondary factors, such as starvation or latent diabetes mellitus.
2) This abnormality does not appear to be related to urea per se.
3) The glucose intolerance can be corrected with frequent hemodialysis, but a minimal recovery period (approximately 2 weeks) is necessary.
4) The insulin insensitivity and abnormal response to intravenous tolbutamide are also corrected with dialysis.
5) The carbohydrate abnormality will reappear within 7 days if dialysis is withheld.
6) There it a decreased serum IRI response to ivGTT noted primarily within the first 10 minutes of testing. We compared mean values of IRI with various control groups and found that the uremic patients during the early phase of the test had depressed IRI similar to patients after a 7-day fast.
7) Circulating FFA levels were not significantly different during periods of normal and abnormal glucose tolerance.
We speculate that a small molecular weight substance (or substances) accumulates rapidly in uremia and affects carbohydrate metabolism (possibly by interfering with enzyme activity). This is manifest by a decreased serum insulin response to glucose loads and by a peripheral insensitivity to insulin.
